Light sensing starts with phototransduction in photoreceptor cells. The phototransduction cascade has diverged in different species, such as those mediated by transducin in vertebrate rods and cones, by Gq-type G protein in insect and molluscan rhabdomeric-type visual cells and vertebrate photosensitive retinal ganglion cells, and by Go-type G protein in scallop ciliary-type visual cells. Here, we investigated the phototransduction cascade of a prebilaterian box jellyfish, the most basal animal having eyes containing lens and ciliary-type visual cells similar to vertebrate eyes, to examine the similarity at the molecular level and to obtain an implication of the origin of the vertebrate phototransduction cascade. We showed that the opsin-based pigment functions as a green-sensitive visual pigment and triggers the Gs-type G protein-mediated phototransduction cascade in the ciliary-type visual cells of the box jellyfish lens eyes. We also demonstrated the light-dependent cAMP increase in the jellyfish visual cells and HEK293S cells expressing the jellyfish opsin. The first identified prebilaterian cascade was distinct from known phototransduction cascades but exhibited significant partial similarity with those in vertebrate and molluscan ciliary-type visual cells, because all involved cyclic nucleotide signaling. These similarities imply a monophyletic origin of ciliary phototransduction cascades distributed from prebilaterian to vertebrate.
M
any animals sense light signals for vision and nonvisual photoreceptions. Light is captured by an opsin-based photopigment in a photoreceptor cell and leads to cellular light response through a G protein-mediated phototransduction cascade. Three kinds of phototransduction cascades have been found thus far (1) . In vertebrate rods and cones, the light is absorbed by visual pigment, and the information is relayed via transducin (G t ) (2) , causing the decrease of intracellular cGMP concentration to close cyclic nucleotide-gated channels (3, 4) . In rhabdomeric-type visual cells of higher invertebrates, such as arthropods and molluscans, G q -type G protein passes the light information to the phosphoinositol signaling cascade (5) (6) (7) (8) (9) , which is also found in vertebrate photosensitive retinal ganglion cells (10) . In addition, we reported that the G o -type G proteinmediated phototransduction cascade (11) involving in the cGMP increase as a second messenger exists in scallop ciliary visual cells (12) . Recently, the G o -mediated phototransduction cascade was also found in the ciliary photoreceptor cells of lizard parietal eyes (13) . These varied phototransduction cascades are, respectively, driven by particular opsins, which belong to phylogenetically distinct opsin subfamilies (1) . Because vision has evolved with phototransduction cascades and has diverged in different species, the opsin-based pigment and signaling cascade of lower invertebrates, such as prebilaterian animals, is important to understand the evolution of phototransduction, especially the origin of vertebrate vision.
The prebilaterian cnidaria is the most basal phylum having a visual system with specialized sensory organs (eyes), and, in particular, cubozoans or box jellyfish are distinguished from all other cnidarians by possessing elaborate lens eyes, which resemble those of higher animals (14, 15) . In addition, visual cells in the box jellyfish eyes have ciliary morphology as do vertebrate rods and cones. Therefore, it has been of great interest for more than a century whether the box jellyfish visual system is similar to that of vertebrate at the molecular level (16) . However, the underlying molecular mechanisms of the jellyfish vision, including the particular photopigment and signal transduction cascade, remain to be elucidated. Because opsin sequences were recently found in other classes of cnidarians, a sea anemone (anthozoan), hydra (17) , and hydrozoan jellyfish (hydrozoan) (18) , opsin is a candidate for the photoreceptive pigment in cnidarian vision.
Here, we investigated the box jellyfish visual system to elucidate the prebilaterian phototransduction cascade and to understand the phototransduction evolution throughout the animal kingdom. We showed that the opsin-based pigment functions as a green-sensitive visual pigment and triggers G s -type G proteinmediated phototransduction cascade in the ciliary-type visual cells of the box jellyfish lens eyes. We also demonstrated that the opsin-G s cascade causes a light-dependent cAMP increase in the jellyfish visual cells. The first identified prebilaterian cascade was distinct from any known phototransduction cascades, but it exhibited significant partial similarity to those in vertebrate and molluscan ciliary-type visual cells because all involved cyclic nucleotide signaling. Based on these similarities, we discussed evolutionary linkage among ciliary phototransduction cascades distributed from prebilaterian to vertebrate.
Results
To obtain the direct evidence of the involvement of an opsinbased pigment in cnidarian vision and to characterize its molecular basis, we isolated a cDNA encoding opsin from rhopalia, which contain lens eyes, of the box jellyfish Carybdea rastonii [supporting information (SI) Fig. S1 A and B] . The amino acid sequence of the box jellyfish opsin exhibited typical features of opsins (1), such as seven putative membrane-spanning domains and a lysine residue in the seventh membrane-spanning domain that binds the retinal chromophore (Fig. S1C ). In the phylogenetic tree of the opsin family, the box jellyfish opsin fell into the cnidarian opsins, clustering with the hydrozoan opsins, which was consistent with the relationship among cnidarian classes (19) (Fig. S2 A) . We then expressed the box jellyfish opsin in HEK293S cells, to demonstrate that the jellyfish opsin forms a photosensitive pigment, and we succeeded in obtaining the purified pigment from these cells. Fig. 1A shows the spectroscopic features of the opsin-based pigment, demonstrating that it is a green-light-sensitive pigment with an absorption maximum at Ϸ500 nm. The absorption spectrum agreed with the spectral sensitivity (maximum at Ϸ500 nm) of an electroretinogram obtained from the lens eyes of a related species of box jellyfish, Tripedalia crystophora (20) . Green light irradiation of the jellyfish opsin-based pigment did not result in bleached photoproduct with an absorption maximum at 360 nm, in the UV region, but resulted in the blue-shifted photoproduct with an absorption maximum at Ϸ455 nm, in the visible region, unlike vertebrate visual pigments (1) (Fig. 1 A) . The photoproduct was stable but did not show photoregeneration by subsequent light absorption (data not shown), suggesting that the jellyfish opsin does not have a bistable nature, which bilaterian invertebrate visual pigments exhibit (10, 21) . The chromophore configurations of the jellyfish opsin and its photoproduct were revealed to be 11-cis and all-trans forms, respectively, by HPLC analyses of the jellyfish opsin-based pigment expressed in HEK293S cells (Fig.  1B) . These results may suggest that the jellyfish visual cells contain a chromophore retinal-replacement system from the all-trans to 11-cis form, to restore the photosensitivity of the pigment, as found in the dark regeneration of bistable pigments (22) . Therefore, we concluded that the box jellyfish opsin forms a photosensitive pigment with similar characteristics in photoisomerization profile and with differences in the photoproduct property, which is involved in the G protein activation, to the visual pigments of higher animals, such as insects, molluscs, and vertebrates. Each rhopalium of the box jellyfish contains two highly sophisticated lens eyes, upper small lens eye and lower large lens eye, in addition to two pairs of simple pit eyes (14, 16, 23) (Fig.  S1B ). The lens eyes contain ciliary-type visual cells composed of three parts: an outer segment derived from a modified cilium (putative photoreceptive region), a pigment granule-rich region, and an inner segment (14) ( Fig. 2A and Fig. S3A ). We raised a polyclonal antibody specific for the box jellyfish opsin (Fig. S1D ) and conducted immunohistochemical staining of the jellyfish eyes to determine the cellular localization of the opsin. In the lens eyes, the antibody strongly labeled all of the outer segments of visual cells, demonstrating abundant expression of the opsin ( jellyfish opsin and the spectral sensitivity of the electroretinogram from lens eyes (20) , demonstrate that the opsin is the visual pigment of the jellyfish.
Next, we investigated which phototransduction cascade the box jellyfish opsin triggers in vivo. We first examined the possibility that G t , G q , and G o , which mediate phototransduction in higher animals, exist in the jellyfish visual cells. Unexpectedly, the anti-␣ subunit of G t (G␣ t ), anti-G␣ q , and anti-G␣ o antibodies did not label the visual cells (Fig. S4 A-C) , raising the possibility that they contain a novel phototransduction cascade. We conducted PCR-based screening of the ␣ subunit of G protein against the cDNAs derived from the jellyfish lens eyes and obtained cDNAs encoding G␣ s and G␣ 12 . We performed immunohistochemical analyses with antibodies against G␣ s and G␣ 12 and observed strong fluorescent signals in outer segments of visual cells when employing the anti-G␣ s antibody (Fig. 2C and Fig. S3C ), whereas no signal was obtained by using the anti-G␣ 12 antibody (Fig. S4D) . A merged image of immunofluorescent labeling with the anti-jellyfish opsin antibody and with the anti-G␣ s antibody showed colocalization of the opsin and G s in the jellyfish visual cells (Fig. 2D) . These results suggest that the jellyfish opsin triggers a G s -mediated signal transduction cascade in vivo and that the phototransduction cascade in box jellyfish ciliary visual cells differs from that in higher animal photoreceptor cells.
According to studies on G protein-mediated signal transduction in higher animals, G s activates adenylyl cyclase, which elevates intracellular cAMP (24) . Therefore, to obtain evidence that the jellyfish opsin activates G s , we heterologously expressed the box jellyfish opsin in HEK293S cells and analyzed the light-dependent increase in intracellular cAMP. An enzymelinked immunoassay showed that the cAMP concentration in irradiated cells was Ϸ10-fold higher than that of nonirradiated cells and was comparable with the level of agonist-induced cAMP elevation in ␤ 2 -adrenergic receptor-expressing cells (Fig.  3A) . Irradiation of mock-transfected cells did not increase cAMP, demonstrating that box jellyfish opsin triggers the G sadenylyl cyclase cascade in a light-dependent manner. Furthermore, we investigated whether the light-dependent cAMP increase also occurs in vivo. We measured the amount of cAMP in dark-adapted and irradiated rhopalia of the box jellyfish. Fig. 3B shows that the levels of cAMP in irradiated rhopalia were significantly higher than those in dark-adapted rhopalia, which provides clear evidence that a light-dependent increase of cAMP concentration occurred in the jellyfish eyes. We also confirmed the existence of an adenylyl cyclase in the box jellyfish visual cells by immunohistochemical analysis by using the anti-adenylyl cyclase antibody that recognizes most members of adenylyl cyclase family. The antibody labeled the outer segment of the jellyfish visual cells, as do the antibodies against the opsin and G␣ s (Fig. 3C and Fig. S3D ). Because such abundant expression of adenylyl cyclase was not observed in any parts of the rhopalia other than the visual cells (data not shown), we concluded that the light-dependent increase of cAMP shown here occurred in these cells. These results demonstrate that the jellyfish phototransduction cascade is composed of opsin, G s , and adenylyl cyclase.
Discussion
We have shown here that opsin functions as a visual pigment in cnidarians, and its photoproduct property differs from that of bilaterian visual pigments. In addition, we have clearly demonstrated that the box jellyfish opsin triggers a G s -adenylyl cyclase signal transduction cascade and consequently elicits a lightdependent increase in cAMP in the visual cells. Recent phylogenetic analyses, including genome data of cnidarian opsins, showed that most cnidarian opsins formed a single group (17) , and we showed that the box jellyfish opsin belonged to the cnidarian opsin group (Fig. S2 A and Fig. 4) . Our findings suggest that other members of the cnidarian opsin group can also function as photopigments and activate G s . We emphasize that the ''opsin-G s -adenylyl cyclase'' cascade that we report here is direct evidence not only of phototransduction but also of G protein-mediated signal transduction in the lower animals, the prebilaterians. Furthermore, the discovery of G s -coupled opsin is also important because it provides an elegant method to investigate G protein-coupled receptor-linked cAMP-dependent cellular or physiological responses by using light instead of chemical ligands as a trigger (Fig. 3A) . Two morphologically distinct photoreceptor cell types, ciliarytype cells with membranes of modified cilia and rhabdomeric-type cells with apical microvilli, exist in animals (25) , and their relationships to the photopigment and signal transduction cascade have been analyzed (11, 26, 27) . In rhabdomeric-type cells and their relatives, which are found in many higher invertebrate visual cells and vertebrate photosensitive retinal ganglion cells, G q -coupled opsin or r-opsin functions as a photopigment (1, 28) ; that is, it triggers the inositol phospholipid signaling cascade via G q (7, 9, 10) . Therefore, rhabdomeric-type photoreceptor cells appear to be of monophyletic origin from both morphological and functional viewpoints (Fig. 4) . By contrast, several types of opsins and phototransduction cascades are found in ciliary-type photoreceptor cells (1) (Fig. 4) . In vertebrate rods and cones, visual pigment triggers transducin (referred to as G t -coupled opsin) (3), and its related pigment encephalopsin or c-opsin is found in ciliary cells in the marine ragworm brain (26) . In addition, G o -coupled opsin, which is phylogenetically distinct from G t -coupled opsin, couples with G o in scallop ciliary visual cells (11, 12) . Recently, parietopsin, which is closely related to G t -coupled opsins, was also shown to couple with G o in the ciliary photoreceptor cells of lizard parietal eyes (13) . Here, we demonstrated that jellyfish ciliary-type visual cells contain a G s -mediated phototransduction cascade (Figs. 2 and 3) . Accordingly, judging from the G protein subtype that mediates light information, the ciliary-type photoreceptor cells seem to have polyphyletic origins (Fig. 4) . However, despite these differences, all of these cells employ cyclic nucleotides (cGMP or cAMP) as the second messenger in the phototransduction signaling cascade. In the G t -mediated phototransduction of vertebrate rods and cones, it has been shown that cyclic nucleotide-gated (CNG) channels are used for generating cellular responses (4, 29) . Similarly, in the G o -mediated phototransduction of molluscan photoreceptors, the functioning of CNG channels for generating cellular responses was inferred from pharmacological experiments (30, 31) . Interestingly, we also isolated a cDNA encoding a channel, which fell into the CNG subfamily including vertebrate rod, cone, and olfactory CNGs, from the box jellyfish lens eyes (Fig. S4B) . These observations, together with the fact that all known CNGs respond to both cAMP and cGMP (29) , suggest a monophyletic group of animal phototransduction cascades characterized by employing cyclic nucleotides in phototransduction signaling, presenting an evolutionary linkage from prebilaterian phototransduction to vertebrate phototransduction. Therefore, we propose a classification of animal photoreceptor cells, including the previous reports (11, (25) (26) (27) , the rhabdomeric photoreceptor cell containing phosphoinositol signaling mediated by G q , and the ciliary photoreceptor cell containing cyclic nucleotide signaling mediated by G t , by G o , or by G s (Fig. 4) . Surprisingly, the G s -mediated phototransduction cascade in jellyfish visual cells exhibits overall similarities with the vertebrate olfactory signaling cascade, which is composed of Golf (a kind of G s ) and adenylyl cyclase type III, and elicits increases in cAMP and activation of CNG channels (32) . Thus, it may be an intriguing hypothesis that the vertebrate olfactory sensory neuron, which also has ciliary morphology, shares an evolutionarily common origin with the ciliary photoreceptor cells.
Since submission of this paper, Kozmik et al. (33) reported the photosensitivity of the opsin-based pigment of other box jellyfish species, based on the difference spectrum, which does not provide the absolute absorption spectrum of the pigment or its photoreaction properties, basically. They also reported existence of some signal transduction-related molecules other than G s and adenylyl cyclase in the rhopalia. It would be interesting to investigate their relation to the opsin-G s -adenylyl cyclase cascade.
Materials and Methods
Animals. Box jellyfish (C. rastonii) were collected in the Japanese Sea around the Oki islands, Japan. The jellyfish were kept in the dark overnight before experiments. The rhopalia, which contain the lens eyes, were dissected under dim red light.
cDNA Cloning. The opsin, G␣s, G␣12, and CNG cDNAs of the box jellyfish were isolated from the rhopalia by RT-PCR with following degenerated primers: 5Ј-GCITTYYTIITIGCITGGACNCCNTA-3Ј as the sense primer and 5Ј-GAATTCAI-IGCRTADATIAINGGRTT-3Ј as the antisense primer for cloning of the opsin, designed based on FLVAWTPY and NPIIYAL, respectively; 5Ј-GTIAARCARAT-GAARATHATHCA-3Ј as the sense primer and 5Ј-TCIGAICKYTGICCICCNA-CRTC-3Ј as the antisense primer for cloning of the G protein, designed based on VKQMKIIH and DVGGQRSE, respectively; and 5Ј-YTIACIYTIACNAC-NATHGG-3Ј as the sense primer and 5Ј-ATRTARTCICCNGGNGARAA-3Ј as the antisense primer for cloning of the CNG channel, designed based on LTLTTIG and FSPGDYI, respectively. PCR amplifications were carried out with annealing temperatures of 40 or 50°C. The 3Ј and 5Ј ends of the cDNAs were obtained by using the 3Ј-RACE and 5Ј-RACE systems, respectively (Invitrogen).
Expression of Opsin-Based Pigment and Spectroscopy. The box jellyfish opsin was expressed in HEK293S cells and purified as described in ref. 34 . To reconstitute the pigment, the expressed proteins were incubated with an excess of 11-cisretinal. The absorption spectra of purified samples were recorded at 4°C with a Shimadzu UV2450 spectrophotometer. Green light was supplied by a 1-kW halogen lamp (Philips) with a 500-nm interference filter (Toshiba).
HPLC Analysis. The chromophore configurations of irradiated and nonirradiated purified box jellyfish opsin were analyzed by HPLC as described in ref. 35 .
Antibodies. The anti-box jellyfish opsin and anti-G␣12 antibodies were generated against the C-terminal region of the box jellyfish opsin and the helical domain of G␣12, respectively, by using the pMAL protein fusion and purification system (New England Biolabs) according to the method reported (27) . The anti-G␣t and anti-G␣q antibodies were a generous gift from Tatsuo Suzuki (Hyogo College of Medicine) (36, 37) , and the anti-G␣o, anti-G␣s, and antiadenylyl cyclase antibodies were commercially obtained (MBL; Santa Cruz Biotechnology).
Immunohistochemistry. The dissected rhopalia of the box jellyfish were immersion-fixed in 4% paraformaldehyde, cryoprotected in 0.1 M phosphate buffer containing 15% sucrose, frozen with OCT medium (Sakura), and sectioned at 12 m. The sections were incubated with 1:500 diluted antiserum followed by incubation with Alexa Fluor 488 anti-mouse IgG or 594 anti-rabbit IgG (Molecular Probes) for immunofluorescent detections.
cAMP Assay. The cAMP content of HEK293S cells and rhopalia of the box jellyfish was measured with an enzyme-linked immunoassay system (Amersham Biosciences) according to the manufacturer's protocol. Cells transfected with the box jellyfish opsin cDNA and mock-transfected cells were incubated with 11-cisretinal overnight in the dark followed by irradiation with white light for 30 s (as a light stimulus) before lysis. Cells transfected with human ␤2-adrenergic receptor cDNA were incubated with 10 nM isoprotenol for 20 min to induce cAMP formation. To prevent the degradation of cAMP by intrinsic cAMP phosphodiesterase activity, cells were treated with Hepes-buffered saline containing 1 mM 3-isobutyl-1-methylxanthine, an inhibitor of cAMP phosphodiesterases, before stimulation. To measure the light-dependent cAMP increase in the jellyfish eyes, eight rhopalia from two jellyfish were used for one experiment. Half of them were kept in the dark, and the other half were irradiated with white light for 2 min followed by immediate lysis. A 320-W halogen lamp (Cabin) was used for sample irradiation.
Phylogenetic Analyses. Phylogenetic tree inferences were carried out as described in ref. 38 . Multiple alignments of the amino acid sequences including the box jellyfish genes were calculated by using the XCED software (39) . The accession numbers of amino acid sequences used for analyses are provided in the SI Materials and Methods. 
